This paper examines the economy-wide environmental impacts linked to the manufacturing of PVC and ductile iron (DI) pipes, steel tanks, and to the generation of electricity for pumping in water distribution network optimization. The non-dominated sorting genetic algorithm (NSGA-II) is used to generate Pareto-optimal solutions of the benchmark 'Anytown' network expansion problem. Selected Pareto-optimal solutions of the 'Anytown' network are evaluated with an economic input-output life-cycle assessment (EIO-LCA) and 14 environmental measures on air emissions, non-renewable energy use and environmental releases. The major findings suggest that DI and PVC pipe manufacturing and electricity generation activities (for pumping) have higher environmental impacts than steel tank manufacturing and construction activities in the 'Anytown' network. The EIO-LCA suggests that DI pipe manufacturing is linked to: (i) carbon monoxide emissions from truck transportation and wholesale trade and (ii) land and underground toxic releases from metal mining activities. PVC pipe manufacturing is linked to: (i) carbon monoxide emissions from truck transportation, (ii) toxic air releases from the plastics material and resin manufacturing sector, (iii) land and underground toxic releases from metal mining and resin manufacturing, and (iv) natural gas use for plastics material and resin manufacturing.
and pumps (Ofwat 2008) . There is thus a need for a decision support system to assist water utilities in making crucial design and expansion decisions within emerging climate change agreements and policies that promote environmentally sustainable practices and procedures in the water industry. Further, a systems approach opens the prospect of tracking the economy-wide environmental impacts of building, retrofitting and operating water distribution networks.
As a first step towards developing a systems-level decision support system, there is a need to understand the industrial sectors and environmental impacts linked to water network retrofit, expansion and operation decisions. The objectives of the research reported in this paper are threefold: (1) to generate Pareto-optimal solutions of the benchmark 'Anytown' expansion problem with the non-dominated sorting genetic algorithm (NSGA-II); (2) to use economic inputoutput life-cycle assessment (EIO-LCA) to examine the economy-wide environmental impacts linked to the manufacturing of PVC and ductile iron (DI) pipes and steel tanks and to the generation of electricity for pumping in the Paretooptimal solutions generated with the NSGA-II and (3) to use EIO-LCA to determine the main industrial sectors involved in the manufacturing of PVC and DI pipes and in the generation of electricity in the selected Pareto-optimal solutions. The paper is organized as follows. First, recent research that has examined the sustainability of water distribution networks is reviewed. Next, the multi-objective approach and the non-dominated sorting genetic algorithm (NSGA-II) used to solve the 'Anytown' expansion problem are presented. The EIO-LCA used to evaluate the environmental inputs/outputs associated with Pareto-optimal solutions of the 'Anytown' network is discussed. (EIO-LCA is also used to identify participating sectors linked to the manufacturing of pipes and to the generation of electricity.) The basis for comparing the environmental inputs/outputs of different Pareto-optimal solutions is discussed and the preliminary 'Anytown' results are presented.
LITERATURE REVIEW
In the field of water distribution system design, attempts have been made to incorporate environmental concerns into the design process. Many of these attempts involve the application of Life Cycle Assessment (LCA), which quantitatively analyzes all environmental inputs and outputs resulting from a given design over the entire period of its life cycle including the extraction, manufacturing, use and disposal stages (UNEP 1996) . The application of LCA to decision-making for water distribution systems has been explored in the literature. For example, Dennison et al. (1999) compared the environmental impact of alternative pipe materials using LCA while Lundi et al. (2004 Lundi et al. ( , 2005 applied LCA to compare alternatives for wastewater, stormwater and drinking water. The LCA method can also be combined with additional environmental impact measures, thereby providing a more thorough assessment of system impacts. For example, Jeppsson & Hellstrom (2002) combined LCA with Material Flow Analysis (MFA) to track individual mass flows of a given system from material extraction to disposal.
The EIO-LCA approach can be used in place of MFA to quantify national economy-wide environmental discharges linked to the fabrication of materials and components used in a water network. The EIO-LCA method traces monetary and material flows between industry sectors that directly or indirectly contribute to the production of a given item or service. As with LCA, this method has been applied to water network design to compare the environmental performance of network solutions. Filion et al. (2004) used EIO-LCA to quantify energy expenditure in the fabrication stage of a water distribution system to ultimately compare pipe replacement scenarios. Stokes & Horvath (2006) used EIO-LCA to compare impacts of water desalination, water recycling and water importation schemes to address water shortages in California.
Environmental impacts have been incorporated into water distribution system design and optimization. Dandy et al. (2006) were the first to use a single-objective optimization program to minimize the mass, embodied energy and GHG emissions associated with the manufacturing of pipes selected in a network design. More recently, Dandy et al. (2008) used the non-dominated sorting genetic algorithm (NSGA-II) to minimize the cost and embodied energy of unplasticised PVC (PVC-U) and modified PVC (PVC-M) pipes selected in a network design. Wu et al. (2008 Wu et al. ( , 2009 formulated single-objective and multi-objective optimization approaches that considered the cost of GHG emissions in pipe manufacturing and electricity production for pumping in the design of a network. Their approach considered the impact of a range of discount rates and carbon prices on the capital and operating costs of Pareto-optimal solutions.
Since the work of Dandy et al. (2006) , water network optimization has focused on incorporating multiple environmental criteria to guide the design of water distribution systems. Herstein et al. (2009a) developed an EIO-LCAbased Environmental Impact (EI) index that quantifies environmental impact measures such as unsustainable energy resource use, GHG emissions and toxic releases to air, water and land. Herstein et al. (2009b) combined their EI index with the multi-objective NSGA-II algorithm to optimize the 'Anytown' benchmark system by minimizing capital cost, operational energy use and the EI index.
Multi-objective optimization yields a set of optimal solutions, which must be analyzed by decision-makers before a final solution is chosen. This post-optimization decisionmaking process can be challenging due to the difficulty in quantifying social and environmental considerations, and weighing the competing interests of stakeholders. Although the EI index has been included in the WDS optimization in previous work (Herstein et al. 2009b) , this paper seeks to demonstrate how an EIO-LCA can be used to evaluate a number of environmental measures in a post-optimization decision-making process. In this paper, an EIO-LCA is applied to better understand the environmental impacts of selected Pareto-optimal solutions as well as the industrial sectors that play a part in those impacts.
METHODS
The methodology outlined below seeks to optimize the expansion of an existing water distribution system in response to growing demand. In the context of this paper, 'expansion' activities include the selective addition of pipes in parallel to existing pipes, the addition of pipes where no pipes currently exist (these locations are predetermined), the selective cleaning and lining of existing pipes, and the addition of one tank at a known location. All of these activities are part of a 'onetime intervention' performed at the beginning of the system's design horizon. The goal of the optimization presented in this paper is to minimize the cost of expansion activities by determining: (1) the location and diameter of parallel pipes,
(2) the diameter of new pipes, (3) the existing pipes to clean and line, and (4) the size of the new tank. In contrast, the 'rehabilitation' problem seeks to optimize the type, timing and location of rehabilitation activities (e.g. pipe replacement, pipe cleaning and lining, and maintenance) over the entire lifetime of the system.
Multi-objective optimization approach
The multi-objective optimization approach in this paper seeks to minimize two objectives. The first objective in Equation (1) is comprised of the cost of new and duplicate pipes, the cost of cleaning and lining existing pipes, and the cost of a new elevated tank with a predetermined location. The second objective in Equation (2) captures the annual energy use for pumping:
Minimize:
where Capital cost and operational requirements for pumping were separated into two objectives since they are financed in different ways. Capital improvements in Canadian jurisdictions are often financed through one-time government grants and through budgetary reserves, while operational costs are funded with property tax and water and wastewater service revenues (AMO et al. 2001) . Moreover, the second objective in (2) is expressed in terms of energy use rather than in terms of cost, mainly to minimize uncertainty from discounting. By minimizing annual pumping energy over the lifetime of the system, it follows that the cost of pumping will also be minimized.
The decision variables in the multi-objective approach are: (i) the diameter of new and duplicate pipes, (ii) cleaning and lining of existing pipes (yes/no) and (iii) the equivalent diameter of new tanks (with known tank location). The capital cost and energy use objective functions are constrained by the continuity, energy conservation, performance and design constraints below:
Subject to:
x min rxrx max ð5Þ
The constraint in Equation (3) The performance constraints in Equation (5) place lower and upper bounds on pipe velocity (to prevent pipe wall scouring and deposition), on peak pressure head at nodes and on tank levels, where x ¼ vector of parameters to be constrained (e.g. pipe velocity, pressure head, tank levels);
x min ¼ vector of lower parameter bounds; and x max ¼ vector of upper parameter bounds.
The design constraints in Equation (6) Non-dominated sorting genetic algorithm (NSGA-II)
The non-dominated genetic algorithm-II (NSGA-II) (Deb et al. 2002 ) was used to explore the nonlinear, discrete and constrained search space of the 'Anytown' problem and solve the multi-objective framework presented above. The strengths of NSGA-II are its simple and effective constraint-handling technique, a rapid non-dominated sorting approach and the ability to preserve good solutions throughout the evolution process. Another key strength is that parameters do not need to be known a priori or 'tuned' prior to the optimization. A detailed description of NSGA-II is provided by Deb et al. (2002) .
Economic input-output life-cycle analysis (EIO-LCA)
Economic input-output life-cycle assessment (EIO-LCA) was used to evaluate the environmental impact of Pareto-optimal 'Anytown' solutions found with the multi-objective approach and NSGA-II. Economic input-output modelling is a macroeconomic tool that tracks the monetary flows between industrial sectors of an economy that contribute goods, services and materials to a finished good such as a water main pipe, an elevated tank or a pump installed in a water network. For a specified amount (in dollars) of water main pipe, elevated tank or other components required in the design of a water network, economic input-output modelling is used to determine the economic output (in dollars) of the industrial sectors directly and indirectly involved in the production of that water main pipe, elevated tank or other water network component. Economic input-output models have been extended to estimate levels of environmental outputs per dollar of economic production from industrial sectors (Hendrickson et al. 1998 ) that contribute to the manufacturing and fabrication of water network components.
Environmental measures
In this paper, the on-line EIO-LCA model maintained by Table 1 . This step is indicated in Equation (7) reported in Walski et al. (1987) . In Equation (7), the mass of sulfur dioxide is divided by the functional unit of average day demand:
'ANYTOWN' CASE STUDY
The 'Anytown' benchmark system was used to preliminarily examine the supply-chain environmental inputs/outputs networks. The purpose of this analysis was to transparently demonstrate the application of the EIO-LCA approach to this optimization problem. Therefore, the problem was simplified by limiting considered costs and system factors in order to avoid overcomplicating the analysis, thus facilitating further application to more detailed problems in the future. The original 'Anytown' pipe, pump and tank data are found in Walski et al. (1987) . In this paper, the 'Anytown' problem was solved using the multi-objective NSGA- Table 1 .
Pipe cleaning costs
Pipe cleaning costs were estimated using cleaning and cement-mortar-lining costs from Walski (1986) ( (Walski 1986) . The supply-chain impacts of cleaning and lining activities were not evaluated with EIO-LCA.
Tank location, tank costs and supply-chain impacts
In this case study, a new steel elevated tank was connected to node 140 of the 'Anytown' network. This location was chosen in advance of the optimization due to its selection in a number of 'Anytown' optimizations studies (Walski et al. 1987 , Walters et al. 1999 , Farmani et al. 2005 . The size of the tank was included as a decision variable in the optimization problem. The selection of steel tank capacities and costs 
Peak design demands and optimization constraints
The EPANET2 model (Rossman 2000) was used to analyze the system under two additional demand scenarios of maximum hourly demand (MHD) and maximum day demand (MDD) plus fire flow. The MHD peaking factor was set to 1.8 and the MDD peaking factor was set to 1.3 with a required fire flow of 32 L/s for all nodes aside from 158 L/s for node 90, 95 L/s for nodes 75, 115 and 55, and 63 L/s for nodes 120 and 160, as specified in the original 'Anytown' problem (Walski et al. 1987 ).
As mentioned above, pressure head, fluid velocity and tank level constraints were placed on the multi-objective optimization problem to ensure that these conditions were met by the solution found. These constraints were considered in addition to cost when evaluating solutions through a constrained tournament selection method implemented in NSGA-II and outlined by Deb et al. (2002) . This method favours solutions that meet constraints over solutions that do not meet constraints. Minimum allowable pressure heads of Minimum tank water levels were set to 3.05 m and maximum levels to 10.68 m (Walski et al. 1987) .
RESULTS AND DISCUSSION
The Pareto-optimal solutions for the PVC and cementmortar-lined ductile iron (DI) pipe materials are indicated in Figure 1 . The fronts are convex to the origin, which indicates a trade-off between capital cost and annual pumping energy use. For capital costs ranging from $3.5-4.5 million, the Pareto front for DI pipes is located to the left of the Pareto front for PVC pipes. This offset is explained by the fact that non-dominated solutions for both DI and PVC pipe materials in Figure 1 have nominal pipe diameters in the range of 200-300 mm. For this range of pipe diameters, Table   2 indicates that the unit costs of DI and PVC pipe are similar, where the DI pipe has a lower unit cost than the PVC pipe for nominal diameters of 250 and 300 mm. Table 2 also indicates that, for nominal diameters between 200-300 mm, the inner diameter of the DI pipe is larger than that of the PVC pipe.
Since DI pipes have a larger inner diameter than PVC pipes, they will generate smaller frictional headloss in the 'Anytown' system and thus reduce annual pumping energy requirements relative to the PVC pipe. Figure 1 also indicates that, for capital costs ranging from $5.0-6.5 million, the Pareto fronts for DI and PVC pipe materials converge to a lower bound on annual pumping energy use of approximately 3.5 GWh/yr. This is explained by the observation that, for solutions with DI and PVC materials with high capital costs, large pipe diameters are chosen for new and duplicate pipes, which minimize dynamic losses in the 'Anytown' system. In these large-diameter solutions, annual pumping energy use is instead governed by the static lift requirement between the clearwell and the elevated tanks in the 'Anytown' system. Since the required static lift is independent of pipe sizing selection (for both DI Figure 1 9 9 9 9 Pareto-optimal fronts for capital cost versus annual pumping energy use for PVC and ductile iron (DI) pipe materials. and PVC materials), a range of solutions with capital costs ranging between $5.0-6.5 million in Figure 1 The contribution of pipe and tank manufacturing and electricity generation for pumping water is indicated in Figure   2 (a-d Copper additives are used to increase the yield strength of ductile iron pipe while nickel and copper are used as anti-corrosion additives in ductile iron pipe. DI pipe manufacturing is also linked to significant greenhouse gas emissions
(measured with the GWP measure in Figure 2(d) ) that originate from electricity production by the power generation and supply sector to support pipe manufacturing processes. In the case of the 'Anytown' system, decision-makers may choose to use this information to decide which optimal solution would best suit their needs. For example, if a particular stakeholder is interested in two or three environmental mea-sures, she may want to choose a particular solution that best minimizes these measures. The EI index has the potential for stakeholders to get a general overview of the overall environmental impact of a particular solution, as well as understand the causes of this impact and possible mitigation measures to make an informed decision regarding the best overall solution.
CONCLUSIONS
The paper sought to examine the economy-wide environmental impacts linked to the manufacturing of PVC and ductile iron (DI) pipes, steel tanks, and to the generation of Electricity generation was also directly linked to sulfur dioxide and greenhouse gas emissions. This is unsurprising given that the US relies heavily on fossil fuels (50% coal, 20% natural gas, 20% nuclear, 6% hydropower and 4% other) to generate electricity. 
